Results and Discussion

Genome-wide Linkage Map
The last several years have witnessed substantial progress in characterizing the genetic basis of adaptive diversity in natural populations and species. In threespine sticklebacks, the development of new genetic and molecular tools has made it possible to identify major loci controlling repeated evolution of changes in skin color, the pelvis, the operculum, and the number and size of armor plates in populations that colonized new lakes and streams generated by widespread deglaciation beginning about 20,000 years ago [3-6, 9, 10 ]. An emerging theme of genetics studies in threespine sticklebacks is that the same genes or chromosome regions underlie similar phenotypes in multiple natural populations; examples include the major effects of Pitx1 [4, 6, 11, 12] and Ectodysplasin (Eda) [5, 6, 8] in the evolution of derived pelvic and armor phenotypes, respectively, throughout the range of this species. Development of comparable genetic resources for ninespine sticklebacks makes it possible for us to critically compare the genetic basis of convergent evolution in a fish group that has also evolved a number of similar interesting morphological and physiological changes ( Figure 1 ) but that last shared a common ancestor with threespine sticklebacks well over 13 million years ago [13] .
To generate a genome-wide linkage map for quantitative trait locus (QTL) studies, we produced a Pungitius pungitius genomic library, screened it with a probe for microsatellite repeats, sequenced individual clones, and designed PCR primers that could amplify individual microsatellite repeat regions from ninespine stickleback genomic DNA samples. We typed 212 microsatellite markers (169 derived from ninespine sticklebacks and 43 from threespine sticklebacks) on 120 F1 progeny from a cross between Canadian and Alaskan ninespine sticklebacks, both lacking pelvic structures ( Figures  1C and 1E ). The female parent came from Fox Holes Lakes (Northwest Territories, Canada), which is monomorphic for total absence of the pelvis [14] . The male parent came from an unnamed creek on Pt. MacKenzie (Matanuska-Susitna Borough, south-central Alaska), where ninespine sticklebacks are polymorphic for pelvic phenotypes (average pelvic score for the Pt. MacKenzie population is 1.96 on a scale [15] that ranges from 0 [bilateral absence of pelvic structures] to 8 [all four pelvic elements are present on both sides]). The combined ninespine and threespine markers defined 30 genetic linkage groups (LGs), comprising 190 markers (151 from ninespine sticklebacks, 39 from threespine sticklebacks) and spanning a total genetic distance of 957.8 cM ( Figure S1 ). Because cytological studies show that Pungitius has 21 chromosomes [16] [17] [18] , we expect some current linkage groups to coalesce with others as additional markers are added to the map.
To compare LGs in ninepsine and threespine sticklebacks, we examined map locations of the 39 markers that could be amplified from genomic DNA in both species. We also used BLAST searches to compare the unique sequences from the 151 newly isolated and mapped ninespine stickleback markers with an initial genome assembly for the threespine stickleback (http://www.ensembl.org/Gasterosteus_aculeatus/index.html). In all, 88.7% (134/151) of ninespine stickleback marker sequences mapped to unique threespine stickleback chromosome scaffolds, 2.0% (3/151) mapped to unassembled scaffolds, and the remaining 9.3% (14/151) either produced no significant BLAST results or mapped to multiple genomic scaffolds (Table S1 ). At least 50% of markers in each ninespine linkage group were associated with a single threespine chromosome (87.9% of markers overall, mean of 85.2% of markers per linkage group). These results suggest that synteny has been well conserved between the two genera, both of which have 21 cytologically visible chromosomes [16] . For ease of comparing results between species, we numbered linkage groups in the ninespine genetic map to match the syntenic linkage group in the threespine map.
Comparative Mapping of Pelvic Reduction
A dramatic example of convergent evolution between populations and genera of sticklebacks is the reduction or loss of the pelvic (hind fin) skeleton (Figure 1 ). The pelvis is present in all marine and most freshwater populations of threespine and ninespine sticklebacks, but it has been lost repeatedly in several freshwater populations, probably as an adaptation to local predators and water chemistry [4, 14, 15, [19] [20] [21] [22] [23] [24] [25] . Previous studies of threespine sticklebacks have identified one QTL of major effect on LG7; this QTL controls more than 50% of the variation in pelvic size in crosses from diverse geographic locations, including British Columbia, Alaska, Iceland, and Scotland [4, 6, 12] . Mapping, sequencing, and expression studies suggest that this major QTL corresponds to the Pitx1 locus [4, 12, 26] , a homeodomain transcription factor that is expressed in developing hindlimbs but not forelimbs of vertebrates [27] [28] [29] . Previous complementation and in situ studies show that Fox Holes Lakes ninespine sticklebacks have recessive genetic changes that also reduce Pitx1 expression in the pelvis [30] .
Presence or absence of a pelvic skeleton segregates in a 1:1 Mendelian ratio in our ninespine stickleback cross (Figure 2 ). Of the 120 progeny analyzed, 59 had complete pelvic skeletons (bilateral presence of an anterior process, posterior process, ascending branch, and spine [31] ), eight had partial skeletons (six of these had fewer than half of the normal structures), and 53 lacked all pelvic structures. The binary, qualitative trait of presence versus absence of the pelvic complex (partial phenotypes excluded) mapped to LG4 with a peak LOD score of 82.16 ( Figure 2D ; Tables S2 and S4 ). Detailed analysis of marker genotypes shows that the striking dimorphism in this cross originates from the Alaskan male parent-inheritance of one Alaskan parental LG4 haplotype is usually associated with a complete pelvis in the F1 progeny, whereas inheritance of the other Alaskan haplotype is usually associated with the absence of pelvic structures (Table S4) . Thus, the Alaskan male parent of the cross, which comes from a population that is polymorphic for pelvic phenotypes, was heterozygous for a dominant allele for pelvic reduction. The phenotypic effect of the LG4 region in the current cross is as large as that reported previously for the Pitx1 (LG7) region in threespine sticklebacks [4, 6, 12] , but this region maps to a completely different linkage group. This QTL on LG4 is unlinked to a marker in an intron of the ninespine stickleback Pitx1 gene (Pun319) and to two markers on threespine stickleback BAC clones containing the Pitx1 gene (Stn430, Stn431; Figure 2E and Figure S1 ). The threespine stickleback genomic region that corresponds to the pelvic-reduction region in the ninespine cross contains several genes with known roles in limb and fin development; such genes include members of the Fgf, Msx, and Wnt families. We are currently investigating the potential roles of these candidate genes in pelvic reduction in the Pt. MacKenzie population.
Ninespine sticklebacks from the Pt. MacKenzie population show a key morphological difference in comparison to most other reduced-pelvis populations. Most extant and fossil threespine stickleback populations [32] , mice with knockouts in the Pitx1 gene [33] , and Florida manatees with vestigial pelvic structures [30] show greater pelvic reduction on the right than the left side. In contrast, the Pt. MacKenzie ninespine sticklebacks tend to show greater pelvic reduction on the left than the right side. Our linkage studies provide the first genetic evidence that populations with different types of directional asymmetry have changes in different major genes controlling pelvic reduction. Approximately 10% of threespine stickleback populations with extensive pelvic reduction show greater reduction on the left than the right side [32] . It will be interesting to see whether pelvic reduction in these populations maps to the same region detected in Pt. MacKenzie ninespine sticklebacks.
Although the major QTL for pelvic reduction in our ninespine cross is clearly distinct from the Pitx1 locus, the position of the QTL on LG4 is in a region similar to a pelvic modifier QTL that controls less than 6% of the variation in the length of the pelvic spine girdle in a cross between marine (complete pelvis) and reduced-pelvis threespine sticklebacks [4] (Table 1 ). It is possible that similar genes contribute to pelvic reduction in both threespine and ninespine sticklebacks, but the magnitude of their phenotypic effects differs dramatically between genera. The large impact of the LG4 region in the ninespine fish probably depends in part on a sensitized genetic background in the cross between Pt. MacKenzie and Fox Holes Lakes sticklebacks, where all F1 progeny also inherited pelvic reduction alleles from the Fox Holes Lakes parent [30] . The LG4 region in the current cross has a larger phenotypic effect than Eda, Pitx1, or Kit ligand (Kitlg) genes in threespine sticklebacks; each of these three genes has been successfully isolated by mapping or positional cloning studies [4, 8, 10] . Ninespine sticklebacks should thus provide a very useful system for identifying additional loci controlling major evolutionary phenotypes in natural populations.
A single region on ninespine LG4 largely controls the presence-versus-absence pelvic phenotype, yet other chromosomal regions control quantitative variation in pelvic size in those progeny that do have a pelvis. For example, we identified a region on LG1A that controls up to 33.2% of the variation in left and right pelvic structures; there was a more pronounced effect on the left than the right side (Figure 2 ; Figure S1 and Tables S2 and S4 ). The LG1A QTL in the ninespine cross overlaps the broad location of a QTL interval that controls approximately 6% of the variance in pelvic-girdle length in a threespine stickleback cross [4] .
Notably, variation at the major and modifier pelvic loci reveals cryptic genetic variation (CGV) in the wild Pt. MacKenzie population. CGV is thought to be an important and pervasive, yet underappreciated, factor in the response of organisms to mutation, selection, and disease [34] . Both parents of our cross had similar pelvisless phenotypes, yet half of their progeny developed complete pelvises on the hybrid genetic background. Most of the fish in the wild Pt. MacKenzie population also exhibit extreme pelvic reduction, so much of the variation in the major and modifier pelvic loci may remain hidden except under extreme environmental conditions, or in response to genetic perturbations such as hybridization with other genetic backgrounds, as is the case on our cross (reviewed in [34] ). This study provides a dramatic example of the phenotypic diversity that can result when admixture occurs between different outbred genetic backgrounds.
A Novel Chromosomal Region Controls Lateral Armor in Ninespine Sticklebacks
Other skeletal traits mapped to different regions of the genome in ninespine sticklebacks relative to threespine sticklebacks (Table 1 ; Figure S1 and Tables S2-S5 ). In threespine sticklebacks, variation in lateral plates maps to the Eda locus on
LG4 [5, 6, 8] . We mapped two markers in and around the Eda locus in our ninespine cross; these included Stn364 (located in an intron of the Eda gene itself) and the closely linked Stn361 marker (located 16 kb away, just 5 0 of the Eda locus). Both markers mapped to LG4, in a chromosome region that did not have significant effects on plate phenotypes, in the ninespine stickleback cross. Instead, variation in lateral-plate number in the ninespine stickleback cross ( Figure 1F ) mapped to LG12, the same chromosome region that determines sex (see below). This linkage group accounted for nearly one-third (30.1% left side and 28.4% right side) of the variance in plate number. Notably, unlike the major pelvic locus on LG4, segregation of different alleles on LG12 from both the Alaskan and Northwest Territories parents had significant effects on plate phenotypes (Tables S3 and S5 ). The armor QTL on LG12 is also distinct from all known chromosome regions that have smaller quantitative effects on armor phenotypes in threespine sticklebacks with reduced numbers of plates ( Table 1) .
The Sex-Determination Locus Differs between Stickleback Genera Several different mechanisms underlie sex determination among teleost fishes, and under normal conditions sex can be determined by genetic and/or environmental cues [35, 36] . Sex determination in threespine sticklebacks behaves as a simple Mendelian trait that maps to LG19 [7] . Sex determination in ninespine sticklebacks also behaves as a Mendelian trait, but it maps to LG12, in a completely different region of the genome relative to markers closely linked to the sex-determining region in threespine sticklebacks (Stn186, Stn194) [7] (Table 1; Figure S1 and Tables S3 and S5 ).
The sex-determining region of LG19 in threespine sticklebacks shows striking differences in recombination rates in male versus female meiosis [7] . Similarly, LG12 in the ninespine stickleback cross covers approximately 13 cM largely because of a lack of recombination in male meioses ( Figures S1 and S2) . In contrast, when female meioses were analyzed independently of male meioses, the genetic distances between markers were greater, and LG12 covered 27 cM ( Figure S2B) . Thus, although different chromosomes are involved in sex determination in the two genera, the linkage group bearing the sex-determining region in ninespine sticklebacks has some of the same recombination characteristics as the threespine stickleback Y chromosome.
The genomic positions of the major sex-determining loci are different in threespine and ninespine sticklebacks, yet it is possible that the same molecular mechanisms determine this fundamental trait in both genera. For example, both genera may have inherited the same sex-determination mechanism from a common ancestor, but the gene(s) underlying this mechanism may be located on different chromosomes because of different evolutionary translocations, as has occurred in salmonids [37] . Identification of the genes controlling sex determination on LG12 of ninespine sticklebacks and chromosome 19 of threespine sticklebacks will permit a direct test of this hypothesis.
Multiple Phenotypic Traits Cluster on the Sex Chromosome Several other phenotypic traits, including jaw length, head length, orbit (eye) diameter, and pectoral fin length, mapped to LG12 in ninespine sticklebacks ( Figure S1 and Tables S3  and S5 ). With the exception of pectoral-fin length, the phenotypic means for each of these traits were larger in male than in female fish. Sexual dimorphism in head size and other skeletal traits has previously been demonstrated for wild populations of Pungitius [38, 39] and for wild and lab-bred Gasterosteus [40] [41] [42] [43] [44] [45] . Clustering of phenotypic traits on the sex chromosome could be due either to pleiotropic effects of a single sex-determining locus or to multiple loci controlling sexually dimorphic traits that are physically and genetically linked on the sex chromosomes. When we repeated our analysis of sex-linked traits by using residuals with the average effect of sex removed, we no longer detected significant QTL on LG12, suggesting that most LG12 QTL are detecting male-female differences rather than effects of alternative chromosomes within males or females. However, we did detect significant differences between the two female haplotypes on LG12 for lateral-plate phenotypes by using the transformed data (p < 0.05, ANOVA with Tukey's Multiple Comparison Test), consistent with our QTL mapping of this trait described above.
Linkage between the primary sex-determining locus and genes with differential effects in males and females is thought to be a key feature that drives sex-chromosome evolution, including the accumulation of inversions and sequence divergence that suppresses recombination between the sex-determining locus and neighboring genes [46] . Furthermore, the linkage between sex determination and LG12 in ninespine sticklebacks and at least one other stickleback species (Gasterosteus wheatlandi, the black-spotted stickleback) suggests that this chromosome ''might have an abundance of genes with differential fitness effects in males and females and thus be predisposed to becoming a sex chromosome'' [18] . The distinct linkage groups that control sex determination in threespine and ninespine sticklebacks will provide an excellent system for comparing mechanisms of both sex determination and sex-chromosome evolution in closely related lineages.
Genetics of Convergent Evolution
Several genetics studies have demonstrated that the same genes probably underlie similar changes among different animal lineages. For example, in Drosophila, Ultrabithorax and Ovo/shavenbaby control similar changes among different species in leg and abdominal trichome patterns, respectively, and repeated changes at the yellow locus control similar wing pigmentation in different species [47] [48] [49] [50] . Among vertebrates, evolution of similar pigmentation phenotypes resulting from changes in the Melanocortin 1 receptor (Mc1r) in mammals, birds, and reptiles (reviewed in [51] ), in Oculocutaneous albinism 2 (Oca2) in multiple populations of cavefish [52] , and in Kitlg in both sticklebacks and humans [10] demonstrate that independent changes in the same gene can generate broadly similar phenotypes in multiple lineages. In contrast, other examples of convergent morphological evolution appear to depend on different genetic mechanisms. For instance, complementation crosses suggest that regressive eye loss in blind Mexican cavefish has occurred by different mechanisms in different cave populations [53, 54] . Although variant alleles of Mc1r control pigmentation phenotypes in the beach mouse (Peromyscus polionotus) and rock pocket mouse (Chaetodipus intermedius), exceptions to this genetic trend are known for each species [55] [56] [57] . Likewise, different genes in different species of Drosophila control similar changes in abdominal pigmentation [58] .
Because recent genetic studies in threespine sticklebacks show that similar chromosomal regions control similar phenotypes in many different populations [4-6, 8, 10, 30] , we recognized at the inception of this study that genetic mapping in ninespine sticklebacks might largely identify the same chromosomal regions. However, for every trait we examined, we found that the major loci controlling skeletal traits and sex determination in ninespine sticklebacks mapped to different regions than did the major loci controlling the corresponding traits in threespine sticklebacks. The convergent evolution of changes in skin color and the number of lateral plates in different threespine stickleback populations has often taken place by repeated selection of ancient variants of the Kitlg and Eda genes, respectively [8, 10] . These variants are present at low levels in migratory marine populations and were presumably introduced into new locations when marine ancestors colonized new lakes and streams. Perhaps recent evolution from standing variation within a single species of stickleback is more likely to involve the same genes in different populations, whereas convergent evolution between more distantly related genera may be more likely to arise from independent mutations. The current study suggests that ninespine sticklebacks provide an outstanding system for finding additional genes responsible for morphological diversity in natural populations of vertebrates and comparing the detailed genetic basis of convergent evolutionary change in long-separated lineages.
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